Working memory is a fundamental cognitive building block involved in the short-term maintenance and transformation of information. In neuropsychological studies, working memory has been shown to be of limited capacity; however, the neurophysiological concomitants of this capacity limitation have not been explored. In this study we used the [ 15 O]water PET rCBF technique and statistical parametric mapping to examine normal subjects while they performed two cognitive tasks, both individually and simultaneously. One task was the Wisconsin Card Sorting Test, a complex reasoning task involving working memory, and the other was a rapidly paced auditory verbal shadowing task. When both tasks were performed simultaneously, there were significant decrements in performance compared with the individual task performance scores, indicating that cognitive workload had been increased. Analysis of the rCBF maps showed that when the two tasks were performed together, in contrast to when they were performed separately, there was less prefrontal activation. These results suggest that increases in cognitive workload do not necessarily recruit and then sustain cortical neurophysiological resources to a maximum, but rather may actually be accompanied by a diminution in cortical activity.
INTRODUCTION
Cognitive workload may be characterized as the difference between predicted performance, as based on an easy version of a task, and actual performance, as based on a manipulation that makes the easy version of the task more difficult (Gopher and Donchin, 1986) . Working memory, a type of on-line information processing involved in the short-term maintenance and transformation of information, may be especially sensitive to manipulations in workload because it is thought to be of limited capacity (Baddeley, 1986; Fuster, 1980; Goldman-Rakic and Friedman, 1991; Just and Carpenter, 1992; Shallice, 1988) . The effects of increases in workload have been studied experimentally with dual task paradigms that are structured so that a subject's performance is first measured in the primary task, then in the secondary task, and then again while the subject performs both the primary and the secondary tasks simultaneously.
While the elucidation of the psychometric effects of such manipulations of processing demands can be relatively straightforward, the neurophysiological response to this type of paradigm has received little attention in functional neuroimaging research. Fletcher et al. (1995) examined the effect of a secondary motor task on encoding of verbal paired associates in an effort to dissociate episodic and implicit memory functions and their physiologies using PET. Cortical activation (specifically of left prefrontal cortex and posterior cingulate) was significantly attenuated by the motor task during encoding of verbal memoranda. Using fMRI, D 'Esposito et al. (1995) found that the simultaneous performance of a semantic judgment task and a spatial rotation task resulted in dorsolateral prefrontal cortex activation that was not observed during either task performed separately. In cognitive terms the results were attributed to the role of working memory's central executive in coordinating resource allocation, as neither task alone was thought to involve working memory. However, it is unclear whether this study involved a clear increase in workload.
In the present study, we used dual task methodology to assess the effects of excessive processing demands on regional brain physiology. Our study was not designed to examine the effects of parametric gradients in difficulty in a single task; rather its purpose was to examine the neurophysiology of a change in cognitive workload within a dual task context. Thus, it could be hypothesized that in this paradigm an increase in cognitive workload would result in an increase in cerebral activa-tion. Alternatively, though perhaps counterintuitively, it might be hypothesized that an increase in workload concomitant with a performance decrement might be due to or reflected in some failure of activation, implicating a breakdown in neural networks.
METHODS

Subjects
Twelve healthy subjects (4 women, 8 men; mean age 29.3 Ϯ 4.0 years, range 24 to 39 years), of whom 10 were right handed and 2 were left handed, were recruited from the community via advertisement and paid for their participation. Subjects tended to be highly educated with an average of 17.3 years of schooling (range 12 to 20 years). Each subject signed informed consent to participate in the study in accordance with National Institutes of Mental Health Institutional Review Board guidelines and NIH Radiation Safety Committee requirements. Subjects were screened for past and present histories of neurological, psychiatric, or substance abuse problems and were also excluded for histories of other medical problems or medical treatment relevant to cerebral metabolism and blood flow. Subjects were instructed to refrain from nicotine and caffeine for 4 h and from over-the-counter medications for 24 h prior to the PET scan.
Cognitive Tests
We chose the Wisconsin Card Sorting Test (WCST), a complex problem-solving test that involves several component cognitive processes, as our ''primary'' task because it is thought to reliably demand working memory's ''central executive'' and pari passu reliably recruits prefrontal cortex regions and because of our extensive experience with it (Berman et al., 1995; Weinberger and Berman, 1996; Weinberger et al., 1986) . As such we believed we would be able to observe changes in ongoing prefrontal cortical physiology under dual task conditions of increasing workload. For our ''secondary'' task, we chose verbal ''shadowing'' (SHAD), because it demands attention, possibly depleting some general pool of cognitive resources; suppresses articulatory mechanisms that might otherwise be involved in covert, ''inner'' speech used in subvocal rehearsal or in verbally guided problem solving; and necessitates the use of central executive resources to coordinate the two tasks (Moray, 1959; Morris and Baddeley, 1988) . Subjects repeated aloud words that they heard, i.e., they shadowed the words. Prior PET studies have shown that this task activates regions distinct from dorsolateral prefrontal cortex, including superior temporal and temporoparietal regions associated with receptive language functions and various motor regions involved in overt speech Petersen and Fiez, 1993) .
During a single PET session (see below) each subject underwent rCBF measurements in each of the following conditions: (1) A computerized version of the WCST in which the target stimuli (presented individually) had to be matched to one of four reference stimuli on the basis of abstract and shifting principles; (2) a no-delay matching to sample sensorimotor control task (CON) in which subjects simply matched a central target stimulus to the one of four unchanging surrounding answer stimuli that was identical to it and which was designed to be similar to the WCST in visual stimulation and motor response requirements, but without reasoning or working memory components; (3) a SHAD task involving the aural presentation of words (via a cassette recorder) at the rate of 1/.75 s, followed by the subject's immediate overt repetition of each word; (4) WCST and SHAD performed simultaneously (hereafter called WCSTSHAD); and (5) CON and SHAD performed simultaneously (hereafter called CON-SHAD). Each condition was presented once.
The five conditions were presented in pseudorandomized order. Visual stimuli were presented on a computer screen mounted above the subject. For the WCST and CON tasks, subjects responded to each trial by pressing one of four buttons arranged in a cross-shaped array corresponding to the answers on the screen.
Prior to the PET scans, subjects were exposed to all five conditions and were trained in the modes of response and the rules of the WCST until performance was at ceiling (for this task alone). All tasks were begun 1 min prior to injection of oxygen-15 water and were continued throughout the ensuing 4-4.5 min of the scan period. Subjects were instructed to work efficiently and rapidly. In the dual-task conditions no suggestion was made as to which task was primary. For the WCST, scoring criteria were those described by Heaton (1981) . For the SHAD condition if a subject did not repeat a word or mispronounced a word, it was considered an error.
PET and Data Analyses
For each condition subjects received an intravenous bolus of 40-46 mCi of oxygen-15 water. PET scans were performed on a Scanditronix PC2048-15B brain tomograph (15 contiguous slices; reconstructed in-plane resolution 6.5 mm; axial resolution 6.5 mm) and absolute rCBF was determined as previously described (Berman et al., 1995) . Data for the entire brain were analyzed with statistical parametric mapping version SPM 95 (Friston et al., 1991) . All images acquired in the present study were transformed into a standard space (Talairach and Tournoux, 1988) . Stereotaxic coordinates in the x dimension refer in millimeters to the medial-to-lateral distance from the midline (positive ϭ R), in the y dimension to the anterior-posterior distance (positive ϭ anterior), and in the z dimension to the superior-inferior distance from the intercommisural line (positive ϭ superior). Images were smoothed with a Gaussian filter of 10, 10, and 6 mm in the x, y, and z dimensions. Subject and covariate effects (global activity) were estimated according to the general linear model on a voxel-by-voxel basis. Contrasts were designed to: (1) determine whether single-task WCST activation was typical in this cohort (WCST-CON), (2) determine whether prefrontal cortex or any other region was consistently activated during the dual task paradigm (WCSTSHAD-CONSHAD), (3) compare dualtask to single-task activation (WCST-CON-(WCST-SHAD-CONSHAD)) to assess interaction effects, (4) directly compare cerebral activity in the WCST condition to activity in the dual-task condition (WCSTSHAD-WCST) in individual subjects, and (5) compare dualtask physiology to that when two tasks are performed individually and averaged (WCSTSHAD-(WCST ϩ SHAD)/2). The resulting set of voxel values for each contrast between conditions were transformed to unit normal distribution z scores. Coordinates for peaks of maximum rCBF changes with z Ͼ 3.29 (P Ͻ 0.0005) were tabulated. For figures only, coordinates were thresholded at P Ͻ 0.005 and projected onto a representative MRI for inspection.
RESULTS
Psychometric Performance
On the WCST the mean number of categories attained and perseverative errors were 8.3 Ϯ 1.0 and 3.6 Ϯ 3.5, respectively. In the WCSTSHAD condition performances were significantly worse as the mean number of categories was 6.5 Ϯ 1.7 and mean number of perseverative errors was 9.3 Ϯ 2.9 (t ϭ 4.10, P ϭ 0.002 and t ϭ 4.78, P ϭ 0.0007, respectively). However, the mean number of responses did not differ between these conditions (97.4 Ϯ 6.8 and 96.4 Ϯ 14.6; t ϭ 0.30, P ϭ 0.77). In the SHAD condition the mean number of errors made by the group was 10.7 Ϯ 8.6; errors increased significantly in the WCSTSHAD condition to 42.6 Ϯ 28.4 (t ϭ 4.15, P ϭ 0.003). Likewise, in the CONSHAD condition, a significant increase in errors in shadowing was observed (to 20.4 Ϯ 14.9) in comparison to the SHAD alone condition (t ϭ 2.35, P ϭ 0.04), though errors on the CON task did not increase (t ϭ 0.07, P ϭ 0.94). Thus, performance data confirm that the dual-task conditions resulted in increased cognitive workload.
PET Analyses
We first wished to determine if the WCST produced typical prefrontal cortical activation in this cohort (WCST-CON). Consistent with previous reports (Berman et al., 1995; Weinberger and Berman, 1996; Weinberger et al., 1986) , significant activations were observed in dorsolateral prefrontal cortex ( Fig. 1, top ; Table 1 ). Other components of the cortical network typically engaged by the task, including inferior parietal lobules, inferior temporooccipital cortex, and medial occipital cortex, were activated. Scattered subcortical activations were observed in the thalamus and striatum. Typical deactivations were also observed and included medial prefrontal cortex and the inferior portion of the anterior cingulate. We thus believe that this cohort is representative of the normal population's physiological response to this task.
We next wished to determine whether prefrontal activation was present during the dual task paradigm (WCSTSHAD-CONSHAD). Shadowing appeared to reduce the size of the spatially distributed network of activations found while the WCST was performed alone; it certainly did not increase it (Fig. 1 , middle, and Table 2 ). Another approach that illustrated this finding, this time in individual subjects, was to compare the dual-task WCSTSHAD condition to the single WCST condition, i.e., WCST-WCSTSHAD. In this analysis dorsolateral prefrontal cortical activity was also lower during the dual task. The consistency of the decrement in activity in prefrontal cortex in individual subjects is illustrated in Fig. 2 .
The effects of shadowing on rCBF in prefrontal cortex were also addressed in a direct statistical comparison of the two activation maps, i.e., WCSTSHAD-CONSHAD versus WCST-CON. This key contrast examined changes in activation due to the simultaneous performance of the WCST and SHAD, i.e., it represented the interaction between the two. There was significantly less activity in dorsolateral prefrontal cortex during the dual task paradigm (Fig. 1, bottom and Table 3 ).
While the dual-task condition exacts a physiological cost in prefrontal cortex, our results are subject to competing interpretations. We have emphasized workload, but the demands of managing a duty cycle, i.e., that during the dual-task conditions subjects engage in alternating and thus shorter durations of regionally specific neural processing, might also be considered as an explanation. We explored this possibility by testing the null hypothesis that no difference exists between the dual-task condition in which the WCST and shadowing words were simultaneously performed and a ''pseudocondition'' in which the two tasks were performed individually and then ''averaged'' (WCSTSHAD-(WCST ϩ SHAD)/2). The latter term assumes that subjects ''spend'' 50% of measurement time shadowing and 50% performing the WCST. This model is stringent in that it is contrary to the notion that a stimulus represented in working memory is actively maintained over the course of the task. If duty cycle were the primary determinant of results, then this analysis should indicate that the prefrontal and temporal corti-
FIG. 1.
Group SPM results for five transverse slices through the dorsolateral prefrontal cortex showing areas of significant (P Ͻ 0.005) change between WCST and CON presented as single tasks without shadowing (top), change between WCST and CON as dual tasks with shadowing (middle), and differences between the two activation pairs (with versus without shadowing). Suprathreshold voxels are displayed on a representative MRI scan in standardized space (18) with reds and yellows indicating WCST Ͼ CON for the top and middle rows and single task Ͼ dual task activation in the bottom row. Blues indicate CON Ͼ WCST for top and middle rows and dual task Ͼ single task activation for the bottom. Slice numbers are in millimeters relative to the intercommissural line.
cal activity patterns produced during the dual-task condition were equivalent to the average of the activity during the two component tasks. Hence, activity should not differ between these two ''conditions,'' if the effects are 50-50 duty cycle dependent. This was not the case (see Table 4 ). In prefrontal regions rCBF was actually significantlyhigher when the tasks were individually performed and averaged. In contrast, left superior temporal activity was significantly greater during the dual task. Increases in cerebellar activity were also observed.
FIG. 2.
Individual within-subject comparisons between single task (WCST) and dual task (WCSTSHAD) at two locales in left and right dorsolateral prefrontal cortex (x, y, and z ϭ Ϫ46, 20, 24 and 38, 24, 24, respectively) showing consistency of decrease in adjusted cerebral blood flow during the dual task condition. Ten of 12 subjects displayed this pattern in left dorsolateral prefrontal cortex, and 9 of 12 subjects displayed this pattern in right dorsolateral prefrontal cortex. Shaded boxes, SEM; * ϭ paired t test (two-tailed), t ϭ 3.11, P ϭ 0.01; **t ϭ 3.31, P ϭ 0.007. 
DISCUSSION
Our findings suggest that activation of prefrontal cortex is attenuated in the face of excessive demands for stimulus processing and response selection, at least when examined in the dual-task condition. To the extent that activation of prefrontal cortex might have been predicted to increase at least to some asymptote to meet these processing demands, the physiological adaptation that we observed was unexpected.
Cognitive models of working memory have emphasized the role of a central executive in deploying cognitive resources when two tasks must be coordinated and it has been assumed that this central executive is capacity limited (Baddeley, 1986) . We also based much of our initial conceptualization about our paradigm and its attendant results on capacity models of cognition (Gopher, 1992; Kahneman, 1973; Norman and Bobrow, 1975) . These models may not fully capture our physiological results, in that they would seem to predict that resource pools would be recruited to some ceiling, rather than undergo apparent diminution.
Neurobiological studies of the central executive have emphasized its relationship to prefrontal cortex and activation thereof (Owen et al., 1996; Shallice, 1986) . Our data suggest that reductions in prefrontal activity occur in the very area assumed to mediate executive function, implying that decreases in cerebral activity can be a neurophysiological substrate of increases in cognitive workload, at least under the conditions of our experiment.
We modeled a competing explanation of the results based on a 50-50 duty cycle, or time sharing, and were able to reject it as an alternative. Our data, if they are related to duty cycle at all, suggest that far less than 50% time was spent performing the WCST during the dual-task condition, which seems unlikely, as information still must be maintained in an active state throughout the response period. In a larger sense, however, duty cycle may be something of a straw man. When the capacity of working memory is exceeded, duty cycle strategies may be used to process the extra information.
It is interesting to note that we found a different pattern of cerebral activity in temporal cortex, one that seemed to reflect increased rather than reduced activity under dual task conditions. As we argued above, the relative diminution in cerebral activity in prefrontal cortex may reflect physiologic phenomena associated with limitations in capacity being reached following an increase in workload. In contradistinction, cerebral activity in temporal cortex during shadowing may not be driven by capacity limitations but rather by demands for rapid auditory discrimination, such that increases in the demands for resolving individual words are associated with relative increases in neurophysiology. This is consistent with the findings of Dhankhar et al. (in press) , who observed increases in the BOLD signal in fMRI in temporal cortex as the rate of presentation of words during a listening task increased from 0 words per minute to 90 words per minute (followed by a decrease in signal at 130 words per minute), as well as the findings of Price et al. (1992) .
Our data are similar to those of Fletcher et al. (1995) in that they also observed a diminution in dorsolateral prefrontal activation when a task that typically induces prefrontal activation was coupled to a task that did not (with an attendant diminution in performance).
D 'Esposito et al. (1995) found that two tasks, neither of which activated prefrontal cortex alone, activated prefrontal cortex when they were performed simultaneously. However, decrements in performance were rather small and their significance level was unclear. In contrast we used dual tasks which reliably produced decrements in performance and deactivation in prefrontal cortex. Braver et al. (1997) found increases in activation with increases in ''cognitive load'' on an n-back task. Braver et al. manipulated load by increasing delay and memory set size in an n-back task. We manipulated load in a dual-task paradigm and found diminutions in activity in frontal cortex. Two explanations are possible. The first is that Braver et al. did not increase the difficulty of their task so that capacity was exceeded. In this regard performance of subjects in the Braver study may have remained high across all conditions of the n-back as subjects were trained to at least a 75% correct criterion. The second possibility is that paradigm differences (divided cognitive resources in a dual task in our study) explain the results. Just et al. (1996) recently found that increases in the difficulty of a language comprehension task resulted in increases in the area of activation in frontal and temporal lobe cortical regions. Our results suggest that this type of coupling is not obligatory in the working memory domain.
It is interesting to note that our results are consistent with some earlier studies using PET and multiplechannel EEG recordings. Meyer et al. (91) found that the CBF response in sensorimotor cortex to vibrotactile stimulation was diminished when subjects were engaged in a mental arithmetic task. Gevins et al. (1987) showed that subjects displayed different spatially distributed covariance networks of brain electrical activity during the preparatory periods of individual trials of a cognitive-motor task depending on whether a subject's response was correct or incorrect. The accurate covariance pattern reliably involved frontal, sensorimotor, and integrative motor regions; the inaccurate covariance pattern was associated with weakened or confounded networks.
We also consistently observed large increases in cerebellar activity in the dual task condition, which were confined largely to posterior and anterior cerebellar cortices and to the dentate nuclei. The increases may have reflected task demands for the production of two outputs (speaking and thumb movement). Alternatively, the cerebellum appears to play a role when rapid shifts of attention are required within a sensory modality or between sensory modalities (Akshoomoff and Courchesne, 1992; Keele and Ivry, 1991) . Our results could thus be consistent with the view that the cerebellum may control rapid switches of attention between sensory (e.g., auditory and visual) modalities and point toward an analogous role in output, namely that of time sharing when two tasks require near-simultaneous responses.
In sum, we have identified a unique response to certain types of increases in cognitive workload during dual task manipulations in normal individuals. It involves reductions in activity in prefrontal cortex and may suggest a physiological mechanism for capacitybased performance declines in cognition in general and declines in dual task paradigms in particular. Our results might also provide an analog for understanding cognitive failures in various neuropsychiatric populations in which both capacity limitations and reduced cerebral activation have been observed, e.g., schizophrenia (Granholm, 1992; Weinberger and Berman, 1996) .
